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providing display capability and a set of motion sensors pro 
vided on a single substrate and including at least one gyro 
scope sensing rotational rate of the device around three axes 
of the device and at least one accelerometer sensing gravity 
and linear acceleration of the device along these axes. A 
computation unit is capable of determining motion data from 
the sensor data stored in the memory, the motion data derived 
from a combination of the sensed rotational rate around at 
least one of the axes and the sensed gravity and linear accel 
eration along at least one of the axes. The motion data 
describes movement of the device including a rotation of the 
device around at least one of the axes, the rotation causing 
interaction With the device. 
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MOTION SENSING AND PROCESSING ON 
MOBILE DEVICES 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation of US. patent 
application Ser. No. 12/485,823 (IVS-126CIP/4817CIP), 
?led Jun. 16, 2009; 
[0002] Which is a continuation-in-part of US. patent appli 
cation Ser. No. 12/398,156 (IVS-126/4817P), ?led Mar. 4, 
2009, entitled “Controlling And Accessing Content Using 
Motion Processing On Mobile Devices,” Which: 
[0003] 1) claims the bene?t of US. Provisional Application 
No. 61/109,356, ?led Oct. 29, 2008, entitled, “Methods of 
Controlling Content Using Motion Processing on Mobile 
Devices”; and 
[0004] 2) is a continuation-in-part of these applications: 
[0005] US. patent application Ser. No. 11/649,936 (IVS 
110/4078P), ?led Jan. 5, 2007, entitled, “Method and Appa 
ratus for Producing a Sharp Image from a Handheld Device 
Containing a Gyroscope,” 
[0006] US. patent application Ser. No. 11/766,776 (IVS 
113/4236P), ?led Jun. 21, 2007, entitled, “Vertically Inte 
grated 3-axis MEMS Accelerometer With Electronics”; 
[0007] US. patent application Ser. No. 11/774,488 (IVS 
111/3872P), ?led Jul. 6, 2007, entitled, “Integrated Motion 
Processing Unit (MPU) With MEMS Inertial Sensing and 
Embedded Digital Electronics”; 
[0008] US. patent application Ser. No. 11/953,762 (IVS 
114/4357P), ?led Dec. 10, 2007, entitled, “Vertically Inte 
grated 3-axis Rotational MEMS Accelerometers With Elec 
tronics”; 
[0009] US. patent application Ser. No. 12/026,493 (IVS 
1 17/ 4404P), ?led Feb. 5, 2008, entitled, “Dual Mode Sensing 
for Vibratory Gyroscope”; 
[0010] US. patent application Ser. No. 12/106,921 (IVS 
1 19/4360P), ?led Apr. 21, 2008, entitled, “Interfacing Appli 
cation Programs and Motion Sensors of a Device,” Which 
claims the bene?t of US. Provisional Application No. 
61/022,143, ?led Jan. 18, 2008, entitled, “Motion Sensing 
Application Interface”; 
[0011] US. patent application Ser. No. 12/117,264 (IVS 
115/4286P), ?led May 8, 2008, entitled, “Wafer Scale Chip 
Packaging of Vertically Integrated MEMS Sensors With Elec 
tronics”; 
[0012] US. patent application Ser. No. 12/210,045 (IVS 
123/4605P), ?led Sep. 12, 2008, entitled, “LoW Inertia Frame 
for Detecting Coriolis Acceleration”; 
[0013] US. patent application Ser. No. 12/236,757 (IVS 
120/4483P), ?led Sep. 24, 2008, entitled, “Integrated Multi 
axis Motion Sensor”; 
[0014] US. patent application Ser. No. 12/252,322 (IVS 
124/4606P), ?led Oct. 15, 2008, entitled, “Mobile Devices 
With Motion Gesture Recognition,” Which claims the bene?t 
ofU.S. ProvisionalApplication No. 61/022, 143, ?led Jan. 18, 
2008, entitled, “Motion Sensing Application Interface”; 
[0015] all of Which are incorporated herein by reference in 
their entireties. 

BACKGROUND OF THE INVENTION 

[0016] Handheld electronic devices are used in a Wide vari 
ety of applications and environments. The ubiquity of such 
devices as mobile phones, digital still cameras and video 
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cameras, handheld music and media players, portable video 
game devices and controllers, mobile internet devices 
(MIDs), personal navigation devices (PNDs), and other hand 
held devices speaks the popularity and desire for these types 
of devices. HoWever, controlling the multitude of functions of 
a handheld device can often be aWkWard or clumsy, due to the 
small siZe of the devices. For example, handheld devices With 
a button input or touch screen typically require tWo hands of 
the user to be effectively used, as Well as the close attention of 
the user When operating the device. 

[0017] Motion sensors, such as inertial sensors like accel 
erometers or gyroscopes, can be used in handheld electronic 
devices. Accelerometers can be used for measuring linear 
acceleration and gyroscopes can be used for measuring angu 
lar velocity of a moved handheld electronic device. The mar 
kets for motion sensors include mobile phones, video game 
controllers, personal digital assistants (PDAs), mobile inter 
net devices (MIDs), personal navigational devices (PNDs), 
digital still cameras, digital video cameras, remote controls, 
and many more. For example, mobile phones may use accel 
erometers to detect the tilt of the device in space, Which 
alloWs a video picture to be displayed in an orientation cor 
responding to the tilt. Video game console controllers may 
use accelerometers to detect motion of the hand controller 
that is used to provide input to a game. Picture and video 
stabiliZation is an important feature in even loW- or mid-end 
digital cameras, Where lens or image sensors are shifted to 
compensate for hand jittering measured by a gyroscope. Glo 
bal positioning system (GPS) and location based service 
(LBS) applications rely on determining an accurate location 
of the device, and motion sensors are often needed When a 
GPS signal is attenuated or unavailable, or to enhance the 
accuracy of GPS location ?nding. 

[0018] Many existing handheld electronic devices tend to 
use only the very basic motion sensors, such as an acceler 
ometer With “peak detection” or steady state measurements. 
For example, current mobile phones use an accelerometer to 
determine tilting of the device, Which can be determined 
using a steady state gravity measurement. Such simple deter 
mination may not be acceptable for more sophisticated appli 
cations Which Would require gyroscopes or other applications 
having precise timing capabilities. Without a gyroscope 
included in the device, the tilting and acceleration of the 
device is not sensed reliably. Also, motion of the device is not 
alWays linear or parallel to the ground, and many current 
devices Will often not sense other types of motion accurately. 
Therefore, existing devices are restricted in their motion sens 
ing ability, and limited in hoW they use motion sensing to 
enable functions and control of the device. 

[0019] A variety of devices, systems and applications 
(Which may or may not be relevant to inventions herein) have 
sought to take advantage of motion sensor detection, includ 
ing gaming devices, mobile telephones, and devices With 
military applications. A number of industry segments have 
evolved to design and manufacture such devices, systems and 
applications, from component designers to end-user device 
manufacturers and softWare developers. The state of the cur 
rent art, hoWever, is still limited by the accuracy of motion 
sensing that can be achieved via existing motion sensors 
integrated in single devices and knoWn implementations are 
not adequate to serve as a platform for development of a 
handheld device With integrated motion sensors, Where the 
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device facilitates personal communications and provides 
access to visual content made available by or through the 
device. 

[0020] For example, sophisticated Inertial Measurement 
Unit (IMU) devices have been designed to include motion 
sensing along three gyroscopic axes, three accelerometer 
axes and three compass axes. Generally, these devices have 
been relatively-large devices, not ?t for handheld applications 
directed at end users, and instead deployed in industrial or 
military settings. For example, lMUs have been incorporated 
in satellites orbiting the Earth, Which need to maintain par 
ticular orientations With antennas and other communication 
systems facing the Earth. 
[0021] Other devices intended for end-user applications 
attempt to reduce form factors While incorporating motion 
sensors,. For example, some devices may incorporate motion 
sensing along three accelerometer axes (in addition to detec 
tion of an optical source placed close to a display) to facilitate 
user interaction With video games. One improvement 
released recently is an attachment for the Nintendo® Wii® 
RemoteTM game remote control and denoted MotionPlus, 
Which is a distinct add-on device that plugs into the Wii 
Remote, and adds a set of sensors capable of detecting motion 
along three gyroscope axes (these sensors are manufactured 
by lnvenSense, the assignee of this patent). The MotionPlus, 
combined With the Wii Remote, produces a compounded 
device that can sense motion along a combined three gyro 
scope axes and three accelerometer axes. 

[0022] Details regarding military devices and applications 
are generally not knoWn in the public domain, and this also 
applies to motion sensing technology. It is reasonable to 
assume at this point (although this is not by any means actu 
ally knoWn to be true) that state-of-the-art personal head 
Worn visual displays used in military applications (e.g., 
sophisticated glasses or goggles that include an electronic 
display, possibly integrated as part of a helmet) may include 
motion sensors capable of detecting motion along three gyro 
scope axes and three accelerometer axes. It is unlikely, hoW 
ever, that in such an application, if it existed, any signi?cant 
integration of gyroscopes and accelerometers has been 
achieved. Further, many interactions With applications on a 
hand-held device via motion of the device, such as icon selec 
tion, menu selection or list scrolling, Would be impractical or 
impossible via such a military head-Wom visual display (e.g., 
shaking a phone to activate a feature is feasible, but shaking 
the head to achieve the same result on a head-Wom visual 
display is not). Consequently, such military devices do not 
serve as good platforms for developing a handheld device 
With integrated motion sensors that facilitates personal com 
munications and provides access to visual content made 
available by or through the device. No company has 
attempted to modify such military systems into such a com 
munication handheld device, and indeed such a modi?cation 
Would be inappropriate, counterintuitive and not economi 
cally feasible. 
[0023] Additional devices and components have been 
introduced on the market providing various degrees of inte 
gration of accelerometers and sensors, but none of them pro 
vide 3-axis gyroscope and 3-axis accelerometer motion sen 
sors for su?icient accuracy and serve as adequate building 
blocks for next generation handheld mobile devices. 
Examples of such devices and components include motion 
sensing components marketed by AKM Corporation (Which 
incorporate three accelerometers and three compass sensors), 
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Wireless mice, pointer devices, and media remote controllers 
marketed by Movea Corporation and/or Gyration Corpora 
tion (Which appear to include three accelerometers and tWo 
gyroscopes), various mobile phones (Which currently incor 
porate three accelerometers), portable video game add-on 
attachments, photo and video cameras (Which may incorpo 
rate up to tWo gyroscopes for image stabiliZation purposes, 
and possibly also one-to-three separate accelerometers if they 
also incorporate hard drives), and navigation systems (Which 
may incorporate up to tWo gyroscopes and three accelerom 
eters). The number of accelerometers and gyroscopes cited 
above are estimated based on currently available public infor 
mation. 

[0024] Some devices having accelerometers and gyro 
scopes may separate the set of accelerometers and the set of 
gyroscopes into tWo distinct units. The tWo sets of sensors 
may be disposed relatively far from each other, Which intro 
duces spatial separation betWeen the tWo sets of sensors, 
making uni?ed motion detection more dif?cult and less accu 
rate. Furthermore, the tWo sets of sensors may rely on com 
munication via the interface betWeen the tWo distinct units, 
Which can make synchroniZation of the data from the accel 
erometers and gyroscopes more dif?cult and inaccurate. 

[0025] Some devices also do not integrate a display sub 
system to permit direct interaction With games (Whether an 
actual display or logic capable of substantially producing an 
image to be displayed on an external device). Consequently, 
such devices do not serve as a good platform for developing a 
handheld device With integrated motion sensors that facili 
tates personal communications and provides visual access to 
graphical data, such as a mobile phone With an integrated or 
external display. 
[0026] United States patent application 
US20090066637A1 discloses a handheld device that incor 
porates “various gyroscopes and accelerometers” and dis 
plays a map on an integrated screen. Motion of the device is 
used to modify the ?eld of vieW of the map. This navigation 
assistive device does not disclose any speci?c integration of 
accelerometers and gyroscopes or any speci?c personal com 
munication functionality. Further, the device of 
US20090066637A1 is not adapted or intended to facilitate 
user interaction With content beyond a map. Consequently, 
US20090066637A1 does not disclose, and does not suggest 
any desirability or avenue for the development of, a handheld 
device that incorporates a set of closely-integrated acceler 
ometer and gyroscope motion sensors, Where the device 
facilitates personal communications and provides access to a 
broad range of visual content made available by or through 
the device. 

[0027] United States patent application 
US20080034321A1 discloses a handheld device that incor 
porates motion sensors and permits a user to control certain 
content displayed on a screen integrated in the device, such as 
a video stream. This device incorporates an accelerometer 
implemented in certain speci?c electronic circuit con?gura 
tion (see FIGS. 10 and 11). US20080034321A1 appears to 
contemplate up to tWo additional accelerometers, for a total of 
three accelerometers (see paragraph [0097]), and the intro 
duction of a gyroscope (either as a replacement for an accel 
erometer or as a sensor that is somehoW combined With an 

accelerometerisee paragraph [0099]). US20080034321A1 
does not disclose any architectural details of hoW a gyroscope 
could be introduced into the handheld device disclosed in that 
application, and does not contemplate any close integration 
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between one or more accelerometers and a gyroscope. Con 

sequently, US20080034321A1 does not disclose, and does 
not suggest any desirability or avenue for the development of, 
a handheld device that incorporates a set of closely-integrated 
accelerometer and gyroscope motion sensors, Where the 
device facilitates personal communications and provides 
access to a broad range of visual content made available by or 
through the device. 
[0028] United States patent application 
US20060279542A1 discloses a handheld device that permits 
a user to manipulate a geographic map displayed on an inte 
grated screen via movement of the device. 
US20060279542A1 suggests additional content that could be 
manipulated by the user, such as other types of maps and 
pages of documents. According to US20060279542A1, the 
device may incorporate up to three accelerometers, or possi 
bly “a gyroscope and an accelerometer arrangement” (see 
paragraph [0038]). In connection With FIG. 14, 
US20060279542A1 discloses that preferably the motion sen 
sors is mounted on the back of the device, apparently on an 
outer surface of the device (see paragraph [0046]). 
US20060279542A1 discloses the use of accelerometers and 
gyroscopes as motion sensors for the handheld device, in 
particular a gyroscopic cube With a side of approximately 1 
cm and up to three accelerometers (see paragraph [0059]). 
US20060279542A1 does not disclose any architectural 
details of hoW the gyroscopes and accelerometers could be 
incorporated into the handheld device, and does not contem 
plate any close integration betWeen one or more accelerom 
eters and one or more gyroscopes. Consequently, 
US20060279542A1 does not disclose, and does not suggest 
any desirability or avenue for the development of, a handheld 
device that incorporates a set of closely-integrated acceler 
ometer and gyroscope motion sensors, Where the device 
facilitates personal communications and provides access to a 
broad range of visual content made available by or through 
the device. 

[0029] PCT patent application WO03001340A2 discloses 
a handheld device that incorporates motion sensors and can 
be used to interpret certain user gestures. According to 
WO03001340A2, before gesture recognition can be per 
formed, the device of WO03001340A2 must necessarily per 
form a classi?cation step that assigns gesture data according 
to broad criteria to on of a plurality of predetermined classes 
(see lines 30-34 on page 5). The motion sensors incorporated 
in the device disclosed in WO03001340A2 may include up to 
three accelerometers and up to three gyroscopes (see lines 
16-19 on page 7). FIG. 5 of WO03001340A2 shoWs the 
various motion sensors as discrete and independent sensors. 
WO03001340A2 does not disclose any architectural details 
of hoW the gyroscopes and accelerometers could be incorpo 
rated into the handheld device, and does not contemplate any 
close integration betWeen one or more accelerometers and 
one or more gyroscopes. Consequently, WO03001340A2 
does not disclose, and does not suggest any desirability or 
avenue for the development of, a handheld device that incor 
porates a set of closely-integrated accelerometer and gyro 
scope motion sensors, Where the device facilitates personal 
communications and provides access to a broad range of 
visual content made available by or through the device. 

[0030] United States patent application 
US20030231189A1 discloses a handheld device that uses 
motion sensors to permit user manipulation of content dis 
played on an integrated screen. The motion sensors disclosed 
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in US20030231189A1 may include one or more accelerom 
eters and one or more gyroscopes. US20030231189A1 does 

not disclose any architectural details of hoW the gyroscopes 
and accelerometers could be incorporated into the handheld 
device, and does not contemplate any close integration 
betWeen one or more accelerometers and one or more gyro 

scopes. Consequently, US20030231 189A1 does not disclose, 
and does not suggest any desirability or avenue for the devel 
opment of, a handheld device that incorporates a set of 
closely-integrated accelerometer and gyroscope motion sen 
sors, Where the device facilitates personal communications 
and provides access to a broad range of visual content made 
available by or through the device. 
[0031] Based on the inventors’ research, a sophisticated 
handheld device that incorporates motion sensors, provides 
the functionality of a mobile phone and facilitates user inter 
action With visual content provided by or through the device 
Would require a graphical user interface that is particularly 
adapted to utiliZe the motion sensing capabilities of the 
device. Various extensions and modi?cations of traditional 
computer graphical user interfaces have been introduced in 
the existing art. For example, United States patent application 
US20090037848A1 discloses a graphical user interface that 
displays various objects together With a graphical represen 
tation of the relationships betWeen the objects (see, e. g., FIG. 
2 displaying enterprise objects and graphical relationships 
betWeen the enterprise objects). Prior art systems and meth 
ods such as the one described in the US20090037848A1 do 
not provide good platforms for developing a handheld device 
With integrated motion sensors that facilitates personal com 
munications and provides access to visual content made 
available by or through the device. 
[0032] It is a clear conclusion that none of these devices or 
components are capable of detecting motion along three 
gyroscope axes and three accelerometer axes While serving as 
a good platform for development of a handheld electronic 
device adequate for personal communications. Further, it is 
clear that none of these devices or components have achieved 
any signi?cant integration of accelerometers and gyroscopes 
in a single module, and such integration is not in any Way 
obvious, suggested by, or otherWise directly facilitated by the 
existing art. 

SUMMARY OF THE INVENTION 

[0033] The invention of the present application relates to 
motion sensing and motion processing on mobile display 
devices. In one aspect, a handheld electronic device includes 
a subsystem providing display capability for providing an 
image on a display attached to the device. A set of motion 
sensors provided on a single substrate, the motion sensors 
including at least one gyroscope sensing rotational rate of the 
device around at least three axes of the device and at least one 
accelerometer sensing gravity and linear acceleration of the 
device along the at least three axes of the device. Memory is 
included for storing sensor data derived from the at least one 
gyro scope and the at least one accelerometer. A computation 
unit is capable of determining motion data from the sensor 
data stored in the memory, the motion data derived from a 
combination of the sensed rotational rate around at least one 
of the three axes and the sensed gravity and linear accelera 
tion along at least one of the three axes. The motion data 
describes movement of the device including a rotation of the 
device around at least one of the three axes of the device, the 
rotation causing interaction With the device. 
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[0034] Aspects of the described inventions include a hand 
held electronic device allowing accurate motion data sensing 
that alloWs robust, intuitive and accurate control of functions 
of the handheld device. Aspects alloW a user to easily access 
and control electronic device functions using motion of the 
device. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0035] FIG. 1 is a perspective vieW of one example of a 
motion sensing handheld device suitable for use With the 
present inventions; 
[0036] FIG. 2A is a block diagram of an embodiment ofa 
motion sensing system suitable foruse With the present inven 
tions; 
[0037] FIG. 2B is a block diagram of another embodiment 
of a motion processing unit (MPU) suitable for use With the 
present inventions; 
[0038] FIG. 2C is a block diagram of a system suitable for 
use With the present inventions for producing augmented data 
from motion sensor data; 
[0039] FIG. 2D illustrates a motion processing unit (MPU) 
according to one implementation; 
[0040] FIG. 2E illustrates a sensor Wafer and an electronics 
Wafer according to one implementation; 
[0041] FIGS. 3A-3E are diagrammatic illustrations of an 
example of a display of elements able to be selected using 
device motion; 
[0042] FIGS. 4A-4C are diagrammatic illustrations of pan 
ning and Zooming performed on a display screen using device 
motion; 
[0043] FIGS. 5A-5D are diagrammatic illustrations of 
manipulation of a displayed map using device motion; 
[0044] FIGS. 6A-6B are diagrammatic illustrations of 
scrolling displayed elements using device motion; 
[0045] FIGS. 7A-7C are diagrammatic illustrations of 
motion gesture use With manipulation of displayed elements 
using device motion; 
[0046] FIGS. 8A-8C are diagrammatic illustrations of dis 
played image rotation to indicate hoW the image display Will 
change based on device motion; and 
[0047] FIGS. 9A-9C are block diagrams illustrating 
embodiments of a portion of a motion sensing system for a 
handheld electronic device. 

DETAILED DESCRIPTION 

[0048] The present invention relates generally to motion 
sensing devices, and more speci?cally to interacting With 
mobile devices and content using motion processing. The 
folloWing description is presented to enable one of ordinary 
skill in the art to make and use the invention and is provided 
in the context of a patent application and its requirements. 
Various modi?cations to the preferred embodiment and the 
generic principles and features described herein Will be 
readily apparent to those skilled in the art. Thus, the present 
invention is not intended to be limited to the embodiment 
shoWn but is to be accorded the Widest scope consistent With 
the principles and features described herein. 
[0049] Aspects of the present invention described herein 
provide enhanced functionality of a handheld electronic 
device by using device motion to control functions of the 
device. Control over device functions using motion of the 
device can alloW easier and quicker control over those func 
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tions, as Well as reduce Wear on the device from use of 

physical elements such as a touchscreen, buttons, sWitches, 
and so on. 

[0050] FIG. 1 is a perspective vieW of one example of a 
motion sensing handheld device 10 suitable for use With 
aspects of the inventions described herein. Device 10 can be 
held in one or more hands of a user to be operated, and can 

include a variety of different functions, as described beloW. 
As used herein, the terms “include,” “including,” “for 
example,” “e.g.,” and variations thereof, are not intended to be 
terms of limitation, but rather are intended to be folloWed by 
the Words “Without limitation.” In the example embodiment 
shoWn, device 10 can include a display screen 16a, and physi 
cal buttons 6. Furthermore, some embodiments can include 
one or more buttons 8 and 9 on one or both sides of the device 

1 0, Which can be pressed and/ or held by the user, for example, 
to alloW motion gestures to be input in different modes of 
operation to change different states of the device, as described 
in greater detail beloW. Other embodiments of devices can be 
used, and can include different and/ or additional input and 
output devices, as described beloW With respect to FIG. 2. 

[0051] In accordance With an aspect of the invention, the 
device 10 can be moved by the user in space, and this move 
ment is detected by motion sensors of the device as detailed 
beloW. As referred to herein, rotation of the device 10 can 
include pitch, roll, and yaW about the various rotational axes, 
as shoWn in FIG. 1. These axes can be de?ned differently in 
other embodiments. Furthermore, linear motions can be made 
along the linear axes x, y and Z. Furthermore, these axes can 
be de?ned at various different positions on the device (for 
example translated or rotated With respect to the axes shoWn 
in FIG. 1, or otherWise transposed into any other coordinate 
system (Whether rectangular, polar, or otherWise)), as appro 
priate for the hardWare and softWare used by the device 10. 
[0052] FIG. 2A is a block diagram of one example of device 
10 or a motion sensing system suitable for use With aspects of 
the present invention. Device 10 can be implemented as a 
device or apparatus, such as a handheld device that can be 
moved in space by a user and its motion and/or orientation in 
space therefore sensed. For example, such a handheld device 
can be a mobile phone (e.g., cellular phone, a phone running 
on a local netWork, or any other telephone handset), Wired 
telephone (e. g., a phone attached by a Wire), personal digital 
assistant (PDA), video game player, video game controller, 
navigation device, mobile internet device (MID), personal 
navigation device (PND), digital still camera, digital video 
camera, binoculars, telephoto lens, portable music, video, or 
media player, remote control, or other handheld device, or a 
combination of one or more of these devices. In some 

embodiments, the device 10 is a self-contained device that 
includes its oWn display and other output devices in addition 
to input devices. In other embodiments, the handheld device 
10 only functions in conjunction With a non-portable device 
such as a desktop computer, electronic tabletop device, server 
computer, etc. Which can communicate With the moveable or 
handheld device 10, e. g., via netWork connections. The 
device may be capable of communicating via a Wired con 
nection using any type of Wire-based communication proto 
col (e.g., serial transmissions, parallel transmissions, packet 
based data communications), Wireless connection (e. g., 
electromagnetic radiation, infrared radiation or other Wireless 
technology), or a combination of one or more Wired connec 

tions and one or more Wireless connections. 
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[0053] Device 10 includes an application processor 12, 
memory 14, interface devices 16, a motion processing unit 20, 
analog sensors 22, and digital sensors 24. Application pro 
cessor 12 can be one or more microprocessors, central pro 

cessing units (CPUs), or other processors Which run softWare 
programs for the device 10 or for other applications related to 
the functionality of device 10. For example, different soft 
Ware application programs such as menu navigation softWare, 
games, camera function control, navigation softWare, and 
phone or a Wide variety of other softWare and functional 
interfaces can be provided. In some embodiments, multiple 
different applications can be provided on a single device 10, 
and in some of those embodiments, multiple applications can 
run simultaneously on the device 10. In some embodiments, 
the application processor implements multiple different oper 
ating modes on the device 10, each mode alloWing a different 
set of applications to be used on the device and a different set 
of gestures to be detected. As used herein, unless otherWise 
speci?cally stated, a “set” of items means one item, or any 
combination of tWo or more of the items. 

[0054] Multiple layers of softWare can be provided on a 
computer readable medium such as electronic memory or 
other storage medium such as hard disk, optical disk, ?ash 
drive, etc., for use With the application processor 12. For 
example, an operating system layer can be provided for the 
device 10 to control and manage system resources in real 
time, enable functions of application softWare and other lay 
ers, and interface application programs With other softWare 
and functions of the device 10. A motion algorithm layer can 
provide motion algorithms that provide loWer-level process 
ing for raW sensor data provided from the motion sensors and 
other sensors. A sensor device driver layer can provides a 
softWare interface to the hardWare sensors of the device 10. 

[0055] Some or all of these layers can be provided in soft 
Ware 13 of the processor 12. For example, in some embodi 
ments, the processor 12 can implement the gesture processing 
and recognition described herein based on sensor inputs from 
a motion processing unit (MPUTM) 20 (described beloW). 
Other embodiments can alloW a division of processing 
betWeen the MPU 20 and the processor 12 as is appropriate 
for the applications and/ or hardWare used, Where some of the 
layers (such as loWer level softWare layers) are provided in the 
MPU. For example, in embodiments alloWing processing by 
the MPU 20, an API layer can be implemented in layer 13 of 
processor 12 Which alloWs communication of the states of 
application programs running on the processor 12 to the MPU 
20 as Well as API commands (e.g., over bus 21), alloWing the 
MPU 20 to implement some or all of the gesture processing 
and recognition described herein. Some embodiments of API 
implementations in a motion detecting device are described in 
co-pending patent application Ser. No. 12/ 106,921, incorpo 
rated herein by reference in its entirety. 
[0056] Device 10 also includes components for assisting 
the application processor 12, such as memory 14 (RAM, 
ROM, Flash, etc.) and interface devices 16. Interface devices 
16 can be any of a variety of different devices providing input 
and/ or output to a user, such as a display screen, audio speak 
ers, buttons, sWitch, touch screen, joystick, slider, knob, 
printer, scanner, camera, computer netWork I/ O device, other 
connected peripheral, etc. For example, one interface device 
16 included in many embodiments is a display screen 1611 for 
outputting images vieWable by the user. Memory 14 and 
interface devices 16 can be coupled to the application proces 
sor 12 by a bus 18. 
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[0057] Device 10 also can include a motion processing unit 
(MPUTM) 20. The MPU is a device including motion sensors 
that can measure motion of the device 10 (or portion thereof) 
in space. For example, the MPU can measure one or more 
axes of rotation and one or more axes of acceleration of the 

device. In preferred embodiments, at least some of the motion 
sensors are inertial sensors, such as gyroscopes and/ or accel 

erometers. In some embodiments, the components to perform 
these functions are integrated in a single package. The MPU 
20 can communicate motion sensor data to an interface bus 
21, e.g., I2C or Serial Peripheral Interface (SPI) bus, to Which 
the application processor 12 is also connected. In one 
embodiment, processor 12 is a controller or master of the bus 
21. Some embodiments can provide bus 18 as the same bus as 
interface bus 21. 

[0058] MPU 20 includes motion sensors, including one or 
more rotational motion sensors (gyroscopes) 26 and one or 

more linear motion sensors (accelerometers) 28. For 
example, in some embodiments, inertial sensors are used, 
Where the rotational motion sensors are gyroscopes and the 
linear motion sensors are accelerometers. Gyroscopes 26 can 
measure the angular velocity of the device 10 (or portion 
thereof) housing the gyroscopes 26. From one to three gyro 
scopes can typically be provided, depending on the motion 
that is desired to be sensed in a particular embodiment. Some 
implementations may employ more than three gyroscopes, 
for example to enhance accuracy, increase performance, or 
improve reliability. Some gyroscopes may be dynamically 
activated or deactivated, for example to control poWer usage 
or adapt to motion processing needs. Accelerometers 28 can 
measure the linear acceleration of the device 10 (or portion 
thereof) housing the accelerometers 28. From one to three 
accelerometers can typically be provided, depending on the 
motion that is desired to be sensed in a particular embodi 
ment. Some implementations may employ more than three 
accelerometers, for example to enhance accuracy, increase 
performance, or improve reliability. Some accelerometers 
may be dynamically activated or deactivated, for example to 
control poWer usage or adapt to motion processing needs. For 
example, if three gyroscopes 26 and three accelerometers 28 
are used, then a 6-axis sensing device is provided providing 
sensing in all six degrees of freedom. In embodiments With 
more than three gyroscopes and/or more than three acceler 
ometers, additional degrees of freedom (or sensing axes) can 
be provided, and/or additional sensor input can be provided 
for each of the six axis of motion. In some embodiments, a 
single chip six-axis inertial measurement unit is used in the 
MPU 20. In some embodiments, additional or alternate types 
of rotational rate sensors and/or linear acceleration sensors 
can be used. 

[0059] In some embodiments the gyroscopes 26 and/or the 
accelerometers 28 can be implemented as MicroElectroMe 
chanical Systems (MEMS). For example, three gyroscopes 
and three accelerometers can be integrated into a MEMS 
sensor Wafer. Other embodiments may integrate more or less 
inertial sensors. Supporting hardWare such as storage regis 
ters for the data from gyroscopes 26 and accelerometers 28 
can also be provided. 

[0060] In some embodiments, the MPU 20 can also include 
a hardWare processor or processing block 30. HardWare pro 
cessing block 30 can include logic, microprocessors, or con 
trollers to provide processing of motion sensor data in hard 
Ware. For example, motion algorithms, or parts of algorithms, 
may be implemented by block 30 in some embodiments, 
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and/ or part of or all the gesture recognition described herein. 
In such embodiments, an API can be provided for the appli 
cation processor 12 to communicate desired sensor process 
ing tasks to the MPU 20, as described above. Some embodi 
ments can provide a sensor fusion algorithm that is 
implemented by the hardWare processing block 30 to process 
all the axes of motion of provided sensors to determine the 
movement of the handheld electronic device in space includ 
ing the sensor data provided by both accelerometers and 
gyroscopes of the device 10. Some embodiments can include 
a hardWare buffer in the block 3 0 to store sensor data received 
from the gyroscopes 26 and accelerometers 28. One or more 
motion function triggers 32, such as buttons 6, 8, 9 or other 
control, can be included in some embodiments to control the 
input of gestures to the electronic device 10, as described in 
greater detail beloW. 

[0061] Examples of an MPU, integrated sensor units, and 
systems suitable for use With the present invention are 
described in co-pending U.S. patent application Ser. Nos. 
1 1/774,488 and 12/106,921, all incorporated herein by refer 
ence in their entireties. Suitable implementations for MPU 20 
in device 10 are available from InvenSense, Inc. of Sunny 
vale, Calif. 
[0062] The device 10 can also include other types of sen 
sors. Analog sensors 22 and digital sensors 24 can be used to 
provide additional sensor data about the environment in 
Which the device 10 is situated. For example, sensors such one 
or more barometers, compasses or magnetometers, tempera 
ture sensors, optical sensors (such as a camera sensor, infra 
red sensor, etc.), ultrasonic sensors, radio frequency sensors, 
or other types of sensors can be provided. For example, a 
compass or magnetometer sensor can provide an additional 
one, tWo, or three axes of sensing, such as tWo horizontal 
vectors and a third vertical vector. In the example implemen 
tation shoWn, digital sensors 24 can provide sensor data 
directly to the interface bus 21, While the analog sensors can 
be provide sensor data to an analog-to-digital converter 
(ADC) 31 Which supplies the sensor data in digital form to the 
interface bus 21. In the example of FIG. 2, the ADC 31 is 
provided in the MPU 20, such that the ADC 31 can provide 
the converted digital data to hardWare processing 30 of the 
MPU or to the bus 21. In other embodiments, the ADC 31 can 
be implemented elseWhere in device 10. 
[0063] FIG. 2B shoWs one example of an embodiment 34 of 
motion processing unit 20 suitable for use With the inventions 
described herein. The MPU 20 of FIG. 2 includes an arith 
metic logic unit (ALU) 36, Which performs processing on 
sensor data. The ALU 36 can be intelligently controlled by 
one or more programs stored in and retrieved from program 
RAM (random access memory) 37. The ALU 36 can control 
a direct memory access (DMA) block 38, Which can read 
sensor data independently of the ALU 36 or other processing 
unit, from motion sensors such as gyroscopes 26 and accel 
erometers 28 as Well as other sensors such as temperature 
sensor 39. Some or all sensors canbe provided on the MPU 20 
or external to the MPU 20; e.g., the accelerometers 28 are 
shoWn in FIG. 2B as external to the MPU 20. The DMA 38 
can also provide interrupts to the ALU regarding the status of 
read or Write operations. The DMA 38 can provide sensor 
data read from sensors to a data RAM 40 for storage. The data 
RAM 40 provides data to the ALU 36 for processing, and the 
ALU 36 provides output, including processed data, to the data 
RAM 40 for storage. Bus 21 (also shoWn in FIG. 2A) can be 
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coupled to the outputs of data RAM 40 and/or FIFO buffer 42 
so that application processor 12 can read the data read and/or 
processed by the MPU 20. 
[0064] A FIFO (?rst in ?rst out) buffer 42 can be used as a 
hardWare buffer for storing sensor data Which can be accessed 
by the application processor 12 over the bus 21. The use of a 
hardWare buffer such as buffer 42 is described in several 
embodiments beloW. For example, a multiplexer 44 can be 
used to select either the DMA 38 Writing raW sensor data to 
the FIFO buffer 42, or the data RAM 40 Writing processed 
data to the FIFO buffer 42 (e.g., data processed by the ALU 
36). 
[0065] The MPU 20 as shoWn in FIG. 2B thus can support 
one or more implementations of processing motion sensor 
data. For example, the MPU 20 can process raW sensor data 
fully, Where programs in the program RAM 37 can control the 
ALU 36 to intelligently process sensor data and provide high 
level data to the application processor 12 and application 
programs running thereon. Or, raW sensor data can be pre 
processed or processed partially by the MPU 20 using the 
ALU 36, Where the processed data can then be retrieved by 
the application processor 12 for additional loW-level process 
ing on the application processor 12 before providing resulting 
high-level information to the application programs. Or, raW 
sensor data can be merely buffered by the MPU 20, Where the 
raW sensor data is retrieved by the application processor 12 
for the required loW-level processing into high-level data for 
the application programs. In some embodiments, different 
applications or application programs running on the same 
device 10 can use different ones of these processing methods 
as is most suitable to the application or program. 

[0066] Embodiments of the present invention can provide 
buffering to reduce processing of the application processor in 
receiving motion sensor output. For example, in one method, 
hardWare buffering is used alloW the application processor 12 
to relax its timing constraints in obtaining sensor data. The 
MPU 20 samples motion sensor data at a higher rate and 
record the sensor data to a hardWare buffer. For example, the 
hardWare buffer can be in the hardWare processing block 3 0 of 
the MPU 20 as shoWn in FIG. 2A, or in different connected 
hardWare of the device 10. The MPU samples the sensor data 
at the high rate and precise timing normally required to cap 
ture motion data for a particular application. The application 
processor 12 reads all sensor data accumulated in the hard 
Ware buffer since the last time it read the buffer, Where the 
processor 12 samples the hardWare buffer (and sensor data) at 
a loWer rate than the MPU used to record the sensor data. The 
processor reads all these sensor data points in the hardWare 
buffer at once. The motion algorithms are then updated in 
quick succession based on the retrieved multiple sensor data 
points, and the ?nal output of the algorithms is provided to the 
application program at the loWer sampling rate. This provides 
information to the application program at the loWer required 
sampling rate. 
[0067] The accumulation of sensor data in the buffer alloWs 
application programs of application processor 12 to relax 
timing constraints for sampling data from the MPU Without 
missing any motion information. For example, the MPU 
hardWare may record sensor data in the buffer at the higher 
rate of 100 HZ. An application program on application pro 
cessor 12 may need to update a display screen based on 
motion at only a 10 HZ sample rate. Using the described 
method, the motion algorithms can read all the data stored in 
the MPU buffer at once at a rate of 10 HZ. Thus, if 10 data 
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points are in the buffer, the motion algorithms are updated 10 
times in quick succession, and the display information output 
by the motion algorithms is provided to the application pro 
gram, effectively at 10 HZ. This alloWs the application pro 
cessor 12 to read the buffer only When it needs to, e.g., at a rate 
of 10 HZ (the display refresh rate), Which reduces the total 
processing time of the processor 12. The reduction may not be 
by a large amount, since the motion algorithms are still being 
run at the higher rate on average using all data points of the 
received motion data. 
[0068] In another embodiment, a buffering method similar 
to the one described above can include hardWare pre-process 
ing to alloW the application processor 12 to reduce its timing 
constraints in obtaining sensor data. In one such method, the 
MPU 20 receives the sensor data, and the sensor data is stored 
in a buffer, such as the hardWare buffer of the MPU. The data 
is sampled and stored at a high rate and With the precise 
timing normally required to capture motion sensor data. The 
MPU pre-processes the sensor data to reduce the data to a set 
of relevant features for one or more applications. The MPU 
can include motion algorithms similar to, or a subset of, 
motion algorithms present in a layer of the application pro 
cessor softWare. For example, in some embodiments the 
MPU can detect particular gestures by processing the sensor 
data. This processing ability can determine Which features are 
relevant to the applications running on the application pro 
cessor 12, and/ or provide high-level information for an appli 
cation program. For example, relevant features can be param 
eters calculated from additional derivatives and integrals of 
the inertial data. The set of relevant features is provided to the 
application program on the application processor 12, at a 
loWer sampling rate than the sampling rate used to capture the 
motion sensor data (or the features are provided to an appro 
priate motion algorithm for further processing, Which pro 
vides information to the application program at the reduced 
sampling rate). With this embodiment, the timing constraints 
have been reduced for all softWare on the application proces 
sor 12, and the processing time ofprocessor 12 has thus also 
been reduced. 

Combining Sensor Data 

[0069] In one implementation, the computation unit may 
include a gesture recognition engine in Which look-up tables 
are ?lled With information relevant to particular gestures, and 
the motion sensor signals are analyZed to determine When and 
Which gestures have occurred. In one embodiment, in Which 
gyroscopes and accelerometers are used, the gyroscope and 
accelerometer data may be fused to provide a better orienta 
tion sensor. The accelerometer data may be used as a tilt 
sensor by measuring the acceleration due to gravity. Such 
acceleration data may be used to update the gyroscope biases, 
to reduce the gyroscope drift. In one implementation, the 
gyroscope and accelerometer data may be fused to provide a 
3 degree-of-freedom orientation sensor using, e. g., a Kalman 
?lter or a complementary ?lter. A computation unit (e.g., a 
microcontroller or logic) Would output orientation and angu 
lar velocity using, e.g., Euler angles, rotation matrices, or 
quaternions. In one implementation, the combination of the 
gyroscope and accelerometer data may be used to provide a 
more accurate estimate of the direction of gravity. This data 
may be subtracted from the accelerometer data to provide 
linear and centripetal accelerations, Which may be integrated 
to provide position. In one implementation, the computation 
unit may take magnetic ?eld as an input. The magnetic ?eld 
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sensor data may be fused With the other motion sensor data to 
provide an advanced compass system or other direction 
based system. 
[0070] In one implementation the device can be used in 
conjunction With a GPS module for aiding in navigation. In 
mobile devices With location based services, GPS is used for 
tracking location, but is unreliable in urban settings. Gyro 
scopes can be used to track heading, and accelerometers can 
be used to determine the direction of gravity, and the linear 
acceleration of the navigation device. For pedestrian naviga 
tion systems, accelerometer data can be used to estimate steps 
and step length. 
[0071] In one implementation, an external magnetic com 
pass can be sampled in conjunction With the internal inertial 
sensors. In this case, accelerometers and gyroscopes can be 
used to measure pitch and roll for more accurate compassing. 
For high accuracy in timing measurements, an external pin 
may sample a clock signal put out by a GPS signal, alloWing 
for accurate synchronization in complex systems that do not 
have tightly controlled timing. 
[0072] FIG. 2C is a block diagram illustrating a system 50 
suitable for use With the present inventions for producing 
augmented data for recogniZing motion gestures. System 50 
is implemented on the device 10, e.g., in the processor 12 
and/or the MPU 20, and uses the raW sensor data from gyro 
scopes 26 and accelerometers 28 to determine the motion of 
the device and to derive augmented data from that motion to 
alloW more accurate recognition of gestures from the motion 
data. 
[0073] Gyroscopes output angular velocity in device coor 
dinates, While accelerometers output the sum of linear accel 
eration in device coordinates and tilt due to gravity. The 
outputs of gyroscopes and accelerometers is often not con 
sistent from user to user or even during the use of the same 

user, despite the users intending to perform or repeat the same 
gestures. For example, When a user rotates the device in a 
vertical direction, a Y-axis gyroscope may sense the move 
ment; hoWever, With a different Wrist orientation of a user, the 
Z-axis gyroscope may sense the movement. 

[0074] Training a system to respond to the gyroscope signal 
differently depending on the tilt of the device (Where the tilt is 
extracted from the accelerometers and the X-axis gyro scope) 
Would be very dif?cult. HoWever, doing a coordinate trans 
form from device coordinates to World coordinates simpli?es 
the problem. TWo users providing different device tilts are 
both rotating the device doWnWard relative to the World exter 
nal to the device. If the augmented data angular velocity in 
World coordinates is used, then the system Will be more easily 
trained or hard-coded, because the sensor data has been pro 
cessed to look the same for both users. 

[0075] For example, While performing a “straight doWn” 
movement of the device 10 as a gesture or part of a gesture, 
one user might use a linear movement, and a different user 
might use a tilting movement. The tWo styles of movement 
can be made to appear the same by providing augmented data 
by ?rst converting the sensor data from device coordinates to 
World coordinates. For the rotational movement about a pivot 
point, the device 10 is projected outWard to ?nd the linear 
movement of the tip of the device. In this case, the augmented 
data being used as the input to the gesture recogniZer can be 
a linear trajectory of the tip of the device, obtained by scaling 
the rotational information relative to a moment arm. The 
moment arm can be approximated by comparing angular 
acceleration, derived from the derivative of the gyroscope, 




































